Modeling the Effect of Days Underway and Environmental Motion on Crew Physical Activity on Naval Vessels by Matsangas, Panagiotis & McCauley, Michael
Calhoun: The NPS Institutional Archive
Faculty and Researcher Publications Faculty and Researcher Publications Collection
2015-12
Modeling the Effect of Days Underway and
Environmental Motion on Crew Physical
Activity on Naval Vessels
Matsangas, Panagiotis
Matsangas, Panagiotis, and Michael McCauley. "Modeling the Effect of Days
Underway and Environmental Motion on Crew Physical Activity on Naval Vessels."
Naval Engineers Journal 127.4 (2015): 49-57.
http://hdl.handle.net/10945/49620
Delivered by Ingenta to: University of Washington
Date :   Wed, 03 Aug 2016 17:07:15 IP : 128.95.122.40
Naval ENgiNEErs JourNal December 2015 n No. 127-4 n 49
T e C H n I C a l  P a P e r
Modeling the Effect of Days Underway 
and Environmental Motion on Crew 
Physical Activity on Naval Vessels 
ABSTRACT
 n Results from earlier research on crew activity 
onboard naval vessels suggest that personnel 
activity is a function of two components, 
time underway, and ship motion severity. 
Physical activity reduction was attributed 
to some combination of sopite syndrome 
and motion-induced fatigue. Although 
both stressors are a well-recognized 
problem in the naval environment, few 
studies have addressed them. Building 
on earlier findings, this work proposes a 
mathematical model to account for the 
effect of motion and days underway on 
the observed personnel physical activity. 
Model predictions are evaluated against a 
retrospective analysis of existing actigraphic 
recordings from three earlier projects in the 
naval operational environment. Analysis 
showed that the model predicts activity with 
a good approximation. These results further 
validated the effect of the days underway 
and motion component in predicting 
personnel activity. The observed reduction 
in physical activity may be a valuable 
surrogate indicator of sopite syndrome and 
motion-induced fatigue. Future research 
efforts should incorporate the effect of sleep, 
mission requirements, and the occupational 
component of crew physical activity. 
INTRODUCTION
This work seeks to improve seakeeping through better knowledge of human 
performance at sea. Crew performance while underway is affected by a number 
of stressors such as motion-induced fatigue due to task activities, sleep depriva-
tion, fatigue induced by ship motion, motion sickness, and sopite syndrome 
(Graybiel & Knepton, 1976; Hettinger, Kennedy, & McCauley, 1990; Kennedy, 
Graybiel, McDonough, & Beckwith, 1968). 
Motion sickness is a normal response describing a number of symptoms rang-
ing from discomfort to emesis. Sopite syndrome identifies a subset of motion 
sickness centering around drowsiness and lethargy (Graybiel & Knepton, 1976). 
Among the typical symptoms associated with sopite syndrome is disinclination 
and reduced interest for physical or mental work, and lack of participation in 
group activities. Earlier research (Kennedy & Bittner, 1978; Pepper, Kennedy, 
Bittner, Wiker, & Harberson, 1985; Wiker, Pepper, & McCauley, 1980), Het-
tinger et al. (1990) concluded that motion sickness challenges the physiological 
state, and performance decrements are due to reductions in subject motivation. 
Furthermore, the soporific response is operationally important because a person 
with soporific effects may have degraded performance and be ineffective (Mat-
sangas, 2013), but may not be identified as motion sick by his peers or supervisor 
(Buckey & Buckey Jr., 2006; Dobie, 2003). The latter can be important especially 
considering the reduced manning levels found in new ship designs.
The term Motion Induced Fatigue (MIF) refers to fatigue occurring when per-
forming tasks in a moving environment. Although physical tasks are always related 
to some degree of fatigue, i.e. weariness after exertion, the amount increases in 
moving environments (Wertheim, 1998). The term “fatigue” in this context should 
be distinguished from drowsiness due to sleepiness or from sopite syndrome. Even 
though MIF is a well-recognized problem in the naval environment (Colwell, 1989; 
Myers et al., 2008; Myers, Dobbins, Hill, & Dyson, 2006; Wertheim, 1996, 1998), 
few studies have addressed it (for a review of the existing literature, refer to Uni-
versity of Bristol, 2001; Wertheim, 1998). MIF has been associated with increased 
energy expenditure assessed by oxygen consumption (Wertheim, 1998). However, 
existing findings in energy expenditure do not account for the observed level of 
fatigue responses (Wertheim, Heus, & Vrijkotte, 1994). 
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In his investigation of soporific effects, Johnston 
(2009) suggested that decreased crew activity levels 
could be an indicator of sopite syndrome. He hypoth-
esized that crew activity levels while awake would be 
inhibited by ship’s motion through the indirect soporific 
effects. His findings supported his hypothesis; there was a 
significant decline in crew activity related to days under-
way. To evaluate personnel activity, he used actigraphic 
recordings while awake. Actigraphy is a validated method 
for the evaluation of sleep attributes (Ancoli-Israel et al., 
2003; Caldwell & Caldwell, 1993; Mullaney, Kripke, & 
Messin, 1980), and has been used extensively in opera-
tional sleep studies at Naval Postgraduate School (Mason, 
2009; McCauley, Matsangas, & Miller, 2005; McCauley 
et al., 2007; Miller & Shattuck, 2005; Miller, Shattuck, 
Matsangas, & Dyche, 2008). Based on Johnston’s work 
( Johnston, 2009), a follow up study supported that 
declines in physical activity are associated also with ship 
motion/sea state (Matsangas, Johnston, McCauley, & 
Miller, 2010). The researchers postulated that the reduc-
tions in personnel activity levels may be evidence of some 
combination of sopite syndrome and MIF.
Overall, these two efforts identified that the variability 
observed in crew physical activity while underway may 
be explained to some extent by two factors, time under-
way and environmental motion. The basis of the present 
work is that the observed decline in activity may be a step 
towards quantifying the task-related and operational effects 
of sopite syndrome and MIF. Therefore, physical activity 
of navy personnel may be a valuable surrogate indicator 
of sopite syndrome and motion-induced fatigue. Even 
though there is a significant volume of research on human 
performance at sea (Colwell, 1989; Hettinger et al., 1990; 
Smith, Allen, & Wadsworth, 2006; Stevens & Parsons, 
2002; Wertheim, 1998), sopite syndrome and MIF are not 
represented in existing human performance standards used 
for ship design (Matsangas, McCauley, & Papoulias, 2009). 
The current study builds on previous research and 
proposes a model to account for the effect of motion and 
days underway on the physical activity changes of the 
observed personnel. The developed model is then fit to 
three data sets. 
Methodology
The work presented herein is based on the retrospective 
analysis of actigraphic data obtained in three earlier studies. 
Apparatus for these studies included Wrist Activity Moni-
tors (WAMS); Actiwatch by Minimitter, Bend, OR), and 
individual sleep and activity logs contained in booklets. 
WAMs are wrist-worn devices containing an accelerometer 
that records exceeding a motion threshold. When worn 
continuously, including during sleep periods, the WAMs 
provide reliable estimates of sleep duration and quality. The 
WAMs detect motion in the frequency range between 3 
and 11 Hz by sampling at 32 Hz, with the internal acceler-
ometer sensitivity being 0.05 g. With each movement, the 
accelerometer generates a variable voltage that is digitally 
processed, integrated over a user-selected epoch, and 
expressed as an “Activity Count” value that is recorded for 
subsequent download and analysis. Although actigraphy 
has been predominantly used in research studies to evalu-
ate rest-activity cycles, we focused on the physical activity 
patterns while awake. Analysis was based on the level of 
activity while awake, excluding sleep, resting, and WAM off 
periods. These data were then averaged over daily intervals.
Research from the use of actigraphy on high-speed 
unconventional ship designs has indicated that worn Acti-
watches may detect ship’s motion in addition to human 
activity. Therefore, their activity output includes the ship’s 
effect (Miller, McCauley, & Matsangas, 2005). For the 
purpose of overcoming this issue, two WAMs were firmly 
fastened on bulkheads of both ships at personnel living 
spaces. These WAMs were used for identifying periods 
of significant ship’s motion interference on WAMs worn 
by the participants. However, the activity counts of the 
participants were not corrected because there does not 
exist a validated analytical approach for correcting activ-
ity counts of an Actiwatch by using the activity counts 
of other actigraphy devices. However, the fact that we 
identified considerable decrements in actigraphic activity 
of humans, even though the Actiwatches have probably 
detected ship motion as well, further emphasizes the fact 
that the humans are deleteriously affected. 
In accordance with the NPS IRB policy, the partici-
pants signed consent forms in both studies, acknowledged 
that they were volunteers, fully understood the nature of 
the study and the confidentiality of the data, and were free 
to discontinue participation at any time. 
Data Sets
The first data set was derived from HSV-2 Swift. Data 
were collected between 10 and 23 May 2004 while she 
was transiting from Kristianstad, Norway to Norfolk, 
Virginia and executing seakeeping trials (McCauley et 
al., 2005). This analysis is based on the data collected 
from participants who concluded the entire study (12 
males) during the underway phase between 11 and 22 
May 2004. The operational profile of Swift during the 
first seven days was not normal. Rather than avoiding 
large seas, she sought them out. Rather than reducing 
speed upon encountering large seas, she maintained 
relatively high speed (>30 knots) and performed 
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octagon maneuvers. Ship’s motion was assessed as part 
of a seakeeping evaluation of Swift (Bachman, Woolaver, 
& Powell, 2004). The 12-day collection period included 
one underway leg, but during the first 7 days, the ship 
conducted seakeeping trials. These trials included high-
speed steaming in octagon patterns; therefore, there was 
an unusually high level of induced motion.
The second data set was derived from FSF-1 Sea 
Fighter. The data collection period spanned a 7-day 
period in March 2007, while the ship was transiting from 
San Diego to the Panama Canal Zone (McCauley et al., 
2007). Study participants (n=24) included civilians, mili-
tary, and contracted crew members. Ship’s motion was 
assessed by a data acquisition system designed by Naval 
Surface Warfare Center Panama City Division (NSWC-
PCD). Sea state was determined using Sea Fighter’s TSK 
Wave Height Meter, which collected Significant Wave 
Height (the average wave height of the one-third highest 
waves of a given wave group–SWH) and Dominant Wave 
Period (dominant period is the period of the waves with 
maximum energy– DWP).
The third data set is herein referred to as RIMPAC 2008. 
In 2008, a study was conducted on USS Port Royal (CG 
70) and USS Lake Erie (CG 73), two 567-ft. Ticonderoga-
class guided-missile cruisers, to determine the amount of 
work and rest provided to crew during a typical training 
exercise (Mason, 2009). During this study, actigraphic 
recordings were collected over the entire 24-day underway 
period between 07 and 30 July 2008 during RIMPAC 
Exercise 2008 (ship in readiness Condition III). This 
analysis included participants with actigraphic data (Port 
Royal n=27; Lake Erie n=33) spanning the underway 
period between the 7th (first day underway) and the 28th. 
The last underway day was the 30th, but the last 2 days were 
characterized by missing data. Sea state during the data 
collection period never exceeded sea state 2, with wave 
heights of approximately 2 to 4 feet. Taking into account 
the size of both ships (9,600 tons displacement and 567-ft. 
length) and the calm sea state, it is postulated that ship 
motion did not constitute a provocative motion stimulus 
from a human-centered perspective. Therefore, analyses on 
this data set will be focused on identifying activity decre-
ment versus the days underway.
Motion data
Motion data were collected from wave height mea-
suring systems (McCauley et al., 2005; McCauley et 
al., 2007), whereas activity data were collected from 
an Actiwatch affixed to a forward bulkhead on the 
longitudinal centerline, near the galley (McCauley et 
al., 2005). The latter was initially used to determine if 
the HSV-2 motion affected the activity data recorded 
by the WAMs worn by the participants. Correlational 
analysis showed that ship’s motion activity detected 
by the strapped WAM was associated with SWH, as 
well as with motion sickness severity and motion-
induced interruptions (McCauley & Matsangas, 2005; 
McCauley et al., 2005). These observations on HSV-2 
suggested that motion detected by the affixed WAM 
could be used as a gross estimator of the overall sever-
ity of motion imparted to the humans onboard the 
ship, albeit not in a precise manner. 
However, the use of a WAM as a motion detection and 
evaluation apparatus is controversial for a number of rea-
sons. First, the bandwidth of the given apparatus ranges 
from 3 to 11 Hz, a constrained spectrum given the enve-
lope of motions affecting the human; for a comparison, 
ISO 2631-1 (1997) notes that motion should be assessed 
in the frequency range between 0.1 and 80 Hz. Neverthe-
less, on a naval vessel this 3 to 11 Hz envelope includes a 
substantial amount of the energy imparted to the human, 
given that higher frequencies include decreased energy. 
Another issue is the lack of standardization in using a 
WAM for evaluating motion. 
Concerns are found not only in the use of a WAM as a 
motion detection device, but also in the use of SWH as 
a predictor for human activity interference. The ship acts 
as a low pass filter according to ship’s response amplitude 
operators (RAOs), which describe the ship’s response to 
unit-amplitude waves in each component direction and 
her motion relative to wave height, wave period, ship’s 
speed, and the relative angle between the ship’s course 
and wave direction. Therefore, SWH alone cannot be 
considered to be a tidy metric when assessing the effects 
of environmental motion imparted to the human. Despite 
these difficulties, motion evaluation in this preliminary 
work will be based on both the SWH, and the 30-minute 
average of WAM activity (SMA-30).
Analytical Approach
Actigraphic recordings combined with sleep log data were 
used to determine sleep episodes durations and awake 
periods. These data were entered into a Microsoft Excel 
spreadsheet for analysis. Model development and imple-
mentation was conducted with MATLAB (Release 2012b, 
The MathWorks, Inc., Natick, MA). The remainder of the 
information regarding the development of the model is 
provided in the following paragraphs.
Model Development
Analysis is based on the median daily activity per 
participant because the distribution of epoch- by-epoch 
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activity is skewed and far from being normal (Shapiro-
Wilk goodness-of-fit W test, p<0.0001). Furthermore, 
activity levels are idiosyncratic, with mean values dif-
fering as much as 500% between participants. For this 
reason, we normalized activity per participant. Data 
normalization can be an effective method to combine 
data of different means, but it can be tricky. Based on 
the first underway day, Johnston’s (2009) normaliza-
tion method had three problems: (1) activity levels are 
idiosyncratic; they are the outcome of a number of fac-
tors, like duties, personal characteristics, etc. Therefore, 
it is more valid to normalize activity over all available 
days; (2) using the first day activity as a baseline level 
can lead to erroneous results; activity of a specific day 
can be influenced by numerous factors that cannot be 
accounted for in a statistically homogeneous manner 
on all days; (3) some of the participants had useful 
data beginning at the second underway day. For these 
reasons, we chose to normalize activity data per partici-
pant based on the mean level of activity demonstrated 
over the entire data collection period.
Let’s assume that N is the number of underway days, 
and M is the total number of participants. Initially, we 
calculate the mean activity level over all underway days 
for each participant j; this is considered as the baseline 
level for evaluating the daily percentage-wise activity 
level of participant j during underway day i. This transfor-
mation is given by the following equation:
                        
      
( 1 )
 
In this equation, Activity%,i,j, is the mean daily percent-
age-wise activity level of participant j during under-
way day i, Activityi,j is the median daily activity level of 
participant j during underway day i. The denominator is 
the mean activity level over all underway days for each 
participant j, and N is the number of underway days. 
Based on Activity%,i,j, we further calculate Activity%,i, which 
refers to the mean daily percentage-wise activity level for 
all participants for underway day i.
 
                           
     
( 2 )
This percentage-wise activity level Activity%,i  for each 
underway day i is used in the analysis depicted hereafter.
Two distinct patterns of personnel activity variability 
have been identified, the first related to the number of 
days underway and the second related to provocative 
induced motion ( Johnston, 2009; Matsangas et al., 
2010). The “motion” trend shows that personnel activity 
depicts a fairly smooth decrement related to increased 
motion, whereas the “underway days” trend depicts a 
large decrement in the beginning of the underway phase 
(between the first and second day). After this initial 
down-step, activity again depicts a smooth decrement 
related to time underway.
To predict the percentage-wise change in personnel 
activity levels, a model was formulated combining the days 
underway and motion components. The underlying logic 
of the model is that when environmental motion is mild 
(fair sea states, a non-provocative combination of ship’s 
speed and sea state, etc.), then the “underway days” trend 
is dominant, whereas the “motion” trend dominates the 
changes in personnel activity in provocative motion condi-
tions, e.g., higher sea states. The implementation of this 
logic is based on the weighting coefficients A and B, which 
are logistic functions. The model is as follows:
 (3)
where d is the underway day, Activity%,d is the mean 
daily activity level on underway day d, ActivityUW,%,d is 
the activity related to the days underway trend in day d, 
ActivityMotion, %, d is the component of daily activity related 
to motion in day d, and n is the total number of days 
underway. Coefficient A is a logistic function of the 
form f(x) = 1/(1+ θ1eθ2*x) and B = 1 – A.
The effect of days underway
Johnston (2009) showed that, in the absence of 
significantly provocative motion, the number of days 
underway has a suppressing effect on personnel activity 
levels. In his approach, Johnston derived a decay func-
tion of the form 
                Activityn = Activity0(Day)–DC  ( 4)
Where the activity of underway day n (Activityn) is 
related to activity of day of the first day through a decay 
constant DC (which was assessed to be .28). We used 
the following form for evaluating daily activity changes 
because of the days underway.
           ( 5)
Where d is the underway day, ActivityUW,%,d is the 
activity of the underway day component during day d, 
D1, D2, D3 are parameters, and n is the total number of 
underway days.
The Effect of Motion
Provocative motion is found in the HSV-2 and FSF-1 
data sets. Johnston (2009) and Mason (2009) could 
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not assess the possible effect of motion in physical activ-
ity because of the mild sea during their data collection. 
The following equation was used for the daily activity 
component related to motion.
 ( 6)
where d is the underway day, ActivityMotion,%,d is the activ-
ity of the motion component M1 during day d, M1 M2, 
M3 are parameters, Motiond is motion during underway 
day d, and n is the total number of underway days.
Results
This section addresses how well the proposed model 
explains the variability found in the three data sets: 
HSV-2, FSF-1, and RIMPAC 2008. The model was 
calibrated independently for each data set. Initially, 
we evaluated the model on the RIMPAC 2008 data. 
Because there was no provocative motion, we ana-
lyzed only the time underway component. The average 
difference between the observed and the predicted 
mean daily activity for Lake Erie is 0% (SD=7.14%, 
MD=0.98%), ranging from -18.1% to +12.4%. The 
corresponding difference for Port Royal is -0.05% 
(SD=8.29%, MD=0.78%), ranging from -19.9% to 
+17.5%. Regarding the time underway component, 
the model parameters for Lake Erie are D1=0.943, 
D2=0.417, and D3=1.273; for Port Royal the parameters 
are D1=0.919, D2=0.674, and D3=1.169. The average 
difference between the observed and the predicted 
mean daily activity for the combined population is 
-0.10% (SD=7.44%, MD=1.68%), ranging from -16.6% 
to +10.5%. The model parameters for the time underway 
component are D1=0.914, D2=0.463, and D3=0.946. 
Figure 1 portrays the non-linear model for the com-
bined RIMPAC 2008 data set.
The FSF-1 data set was also useful for assessing the util-
ity of the proposed model because both trends are evident. 
Figure 2 depicts the observed daily personnel activity, the 
predicted daily activity, and SWH in feet for the FSF-1 
data set. The average difference between the observed and 
the predicted mean daily activity is 0.72% (SD=8.83%, 
MD=1.19%), ranging from -9.50% to +17.9%.
The model parameters for the time underway compo-
nent are D1=0, D2=1.269, D3=0.111, and for the motion 
component are M1=-75.6, M2=77.9, and M3=0.010. The 
model response in the entire time and motion space for 
this data set is depicted in Figure 3. The underway trend 
seems dominant in mild motion, whereas the motion 
trend becomes dominant in more provocative conditions. 
Figure 4 depicts the observed daily personnel activity, 
the predicted daily activity, and the motion metric (SMA-
30) for the HSV-2 data set. The average difference between 
the observed and the predicted mean daily activity is 5.33% 
(SD=12.7%, MD=3.91%), ranging from -13.6% to +32.3%.
Figure 1. Actual and predicted personnel daily activity for 
the combined population of USS Lake Erie and USS Port Royal.
Figure 2. Actual and predicted personnel daily activity in 
FSF-1 data set.
Figure 3. Model predictions versus motion and time in 
FSF-1 data set.
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An interesting point is the substantial increase in 
activity on the 8th day and during the last three days of 
the underway leg. The increase during the 8th day might 
be attributable to two reasons, the lower induced motion 
depicted in SMA-30, and the fact that this was the first 
day after seven days of seakeeping trials. The sea trials 
included periods of significantly provoking motions 
(inducing nausea and interruption of tasks), therefore 
a possible explanation for this increase in activity might 
be related to the need to deal with tasks that could not 
be dealt with during rough ship motions. On the other 
hand, the activity increase during the last three days may 
be attributed to the relatively calm ship motions as well 
as dealing with tasks needed to be concluded before the 
ship reaches her final destination. 
The model parameters for the time underway com-
ponent are D1=0, D2=1.1, D3=0.01, and for the motion 
component are M1=-51.5, M2=52.9, and M3=0.003. The 
model response in the entire time and ship activity space 
for this data set is depicted in Figure 5. The underway trend 
seems dominant in mild motion, whereas the motion trend 
becomes dominant in more provocative conditions. 
Discussion 
Earlier research has provided evidence that personnel 
activity is a function of two factors, time underway and 
ship motion severity. In this work, we developed a math-
ematical model based on these two components. We 
retrospectively compared the predictions of the model 
with the observed activity in three different data sets. 
Results show that the model predicts physical activity 
with a good approximation. 
However, interesting questions still remain to be 
answered. Is the reduction of physical activity an effect 
of cognitive or motion-induced fatigue (Colwell, 1989; 
Myers et al., 2006), sopite syndrome, sleep depriva-
tion, motivation, or some combination of these/other 
factors? How does the occupational component affect 
physical activity? All these factors have been observed 
in the maritime environment (Colwell, 2000, 2005; 
Comperatore, Rivera, & Kingsley, 2005; Gevin, Jör-
gensen, Le Thi, & Sandsund, 2007; Oldenburg, Jensen, 
Latza, & Baur, 2009; Stevens & Parsons, 2002), and are 
related to impaired levels of physical activity (Dru et 
al., 2007; Wertheim et al., 1994). The increased sopite 
syndrome levels found in two of the data sets used in 
this study have been associated with provocative motion 
(McCauley & Matsangas, 2005; McCauley et al., 2007). 
This finding suggests that soporific symptoms may lead 
to activity reduction.
Sleep is a core factor in the physiological state of the 
human organism and a major determinant of personnel 
performance in the operational environment (Miller, 
Matsangas, & Shattuck, 2008). Especially in the maritime 
domain, sleep disturbances often are reported because 
of ship’s motion (Colwell, 2000; Warhurst & Cerasani, 
1969) and sleep is considered one the significant risk 
factors for fatigue (Smith et al., 2006). Daily sleep was 
mildly restricted for the HSV-2 and FSF-1 (mean daily 
sleep on HSV-2 was 7.5 hours, on FSF-1 7.63 hours) 
(McCauley et al., 2005; McCauley et al., 2007), but 
significantly decreased compared to accepted norms 
on RIMPAC 2008 vessels (mean daily sleep on USS 
Lake Erie–5.61 hours, on USS Port Royal–5.55 hours). 
Sleep duration for Johnston’s (2009) data set is not clear 
because of lack of sleep logs. Although these sleep data 
cannot be further analyzed to enhance the proposed 
model, an interesting observation was made when we 
compared the proposed model’s decay constants of the 
Figure 4: Actual versus predicted personnel daily activity 
in HSV-2 data set. Figure 5: Model predictions versus motion and time in 
HSV-2 data set.
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underway components. It was found that the decay 
constants of data sets with mild sleep restriction (HSV-2 
and FSF-1) were at least ten times smaller than the 
decay constants of Lake Erie and Port Royal where sleep 
deprivation was more pronounced. Unfortunately, we 
cannot elucidate this issue because other factors may 
have confounded the findings; for example, motion may 
be one these factors because there is provocative motion 
in HSV-2 and FSF-1 data sets but not in RIMPAC 2008. 
Another stressor probably affecting personnel activity 
levels is the occupational component, i.e. the activity 
variability related to the specific duties assigned to crew 
members depending on their department, the work 
intensity, and the corresponding workload.
The flexibility in performing the assigned tasks is also 
a point of interest. It is reasonable to assume that some 
tasks may be postponed when ship’s motion is severe, 
whereas other tasks may not be as flexible. Observation of 
how daily activity changes after a period of increased lev-
els of environmental motion provides evidence that such 
a trend may exist. For example, the significant increase of 
activity on HSV-2 after the 8th underway day cannot be 
explained solely based on the proposed model; we postu-
late that “postponed” tasks, as well as other occupational 
factors, may provide a plausible explanation.
Lastly, two issues deserve further discussion—the 
method we used to evaluate physical activity and the 
additive approach to combine the day and motion com-
ponents. The three data sets were derived from studies 
that focused on collecting actigraphy data to evaluate 
sleep. Therefore, our data were not optimized to assess 
physical activity per se (Trost, Mciver, & Pate, 2005). 
Lastly, it should be noted that the additive method we 
used to combine the two components assumes that ship 
motion (a function of sea state) and time (days under-
way) are independent. This assumption may not be valid 
when the ship is in the open sea when the pattern of sea 
state changes is indeed associated with time. In this case, 
the two trends will be correlated to some extent.
Conclusions
This study investigated how crew physical activity levels 
vary by time underway and ship motion severity, and 
proposed a mathematical model to account for the 
corresponding effects. We postulate that the observed 
reduction in physical activity may be a valuable surro-
gate indicator of sopite syndrome and motion-induced 
fatigue. Overall, the model we propose provides promis-
ing results, especially if we consider that the model at its 
current state does not include sleep or the occupational 
workload component. Future efforts should investigate 
how these factors can be incorporated into the model to 
increase its predictive validity. 
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